Brain damage following cerebral ischemia-reperfusion (I/R) is a complicated pathophysiological course, in which inflammation and oxidative stress have been suggested to serve an important role. Toll-like receptor 4 (TLR4) has been suggested to be involved in secondary inflammatory process in cerebral ischemia. Nuclear factor erythroid 2-related factor 2 (Nrf2), an important regulator of the antioxidant host defense, maintains the cellular redox homeostasis. Tissue kallikrein (TK) has been proven to elicit a variety of biological effects in ischemic stroke through its anti-inflammatory and anti-oxidant properties. However, the mechanisms underlying its beneficial effects remain poorly defined. The present study examined the hypothesis that TK attenuates ischemic cerebral injury via the TLR4/nuclear factor-κB (NF-κB) and Nrf2 signaling pathways. Using a transient rat middle cerebral artery occlusion (MCAO) model, the effects of immediate and delayed TK treatment subsequent to reperfusion were investigated. The neurological deficits, infarct size, and the expression of TLR4/NF-κB and Nrf2 pathway in ischemic brain tissues were measured at 24 following MCAO. The results indicated that TK immediate treatment significantly improved neurological deficits and reduced the infarct size, accompanied by the inhibition of TLR4 and NF-κB levels, and the activation of Nrf2 pathway. Furthermore, TK delayed treatment also exerted neuroprotection against I/R injury. However, the neuroprotective effect of TK immediate treatment was better compared with that of TK delayed treatment. In conclusion, the results indicated that TK protected the brain against ischemic injury in rats after MCAO through its anti-oxidative and anti-inflammatory effects. Suppression of TLR4/NF-κB and activation of the Nrf2 pathway contributed to the neuroprotective effects induced by TK in cerebral ischemia. Therefore, TK may provide an effective intervention with a wider therapeutic window for ischemic stroke.
Introduction
Stroke is the leading cause of mortality and disability in adults in China (1) . To date, few therapeutic options are available for the treatment of ischemic stroke, and recanalization following ischemia is the most effective method for ischemic stroke (2) . However, it benefits only a small proportion of patients due to the limited thrombolysis window and the adverse reactions of thrombolytics (2, 3) . In addition, recanalization may cause severe cerebral ischemia-reperfusion (I/R) injury in the local region (4, 5) . Accumulating evidence has suggested that inflammatory and oxidative damage serves an important role in cerebral I/R injury (6) (7) (8) . Excessive inflammatory and oxidative responses lead to the disruption of the blood-brain barrier (BBB), which further aggravates the progression of ischemic injury subsequent to stroke (9) (10) (11) (12) . Therefore, it is essential to identify alternative therapies for protection against I/R damage, such as the use of agents with anti-inflammatory and anti-oxidant effects. Furthermore, it is urgently necessary to establish new interventions outside of the thrombolysis time window in order to save the hypoperfused, nonfunctional, but still viable brain tissue surrounding the core area of the irreversible cerebral infarction.
TLR4 is the first reported mammalian toll-like receptor, which is located on the cell surface and is functionally similar to Drosophila Toll protein (13) . Within the brain, TLR4 is mainly located on glial cells, including microglia, astrocytes and oligodendrocytes (14) . During the course of brain damage Tissue kallikrein protects against ischemic stroke by suppressing TLR4/NF-κB and activating Nrf2 signaling pathway in rats caused by I/R, it is believed that heat shock proteins (HSPs), such as HSP60, HSP70 and gp90, are upregulated and leak into the extracellular compartment to induce immune response and inflammatory response. Binding of HSPs with TLR4 contributes to myeloid differentiation protein-88 (MyD88) recruitment (15) . The TLR4-MyD88 association further activates IL receptor-associated kinase (IRAK), which promotes the transcription and expression of tumor necrosis factor-α (TNF-α), interleukin (IL)-1 and IL-6 (16) . Several studies have revealed that targeting TLR4 may alleviate brain damage caused by cerebral I/R (17) (18) (19) . For instance, TLR4 knockout mice have significantly smaller infarct volume at reperfusion 24 h after 2 h of ischemia (17) . Therefore, inhibiting TLR4 and reducing its downstream signaling pathways is regarded as a promising therapeutic strategy. Nuclear factor erythroid 2-related factor 2 (Nrf2), a regulator of the antioxidant cell defense system, is inactive in the cytoplasm by Kelch-like ECH-associated protein 1 via the formation of a covalent complex (20) . Once activated, Nrf2 translocates into the nucleus, interacts with a small Maf protein, and forms a heterodimer that binds to antioxidant response element, which contributes to cytoprotection in oxidative stress-induced injury with cerebral ischemia (21) . Furthermore, previous evidence suggests that mice lacking of Nrf2 are more vulnerable to the cytotoxic effects of oxidative stress-induced brain injury in comparison with wild-type mice (22) . Thus, Nrf2 is fundamental to the defense against oxidative stress and may be a promising therapeutic target in stroke.
The kallikrein-kinin system (KKS), composed of kallikrein, kininogen, kinin and kinin receptors, is implicated in multiple pathological states and represents an attractive therapeutic target in ischemic stroke. As an important component of the KKS, tissue kallikrein (TK) cleaves low-molecular-weight kininogen to produce the potent vasoactive kinins (23) . Intact kinins bind to the kinin B 2 receptor and lead to a series of biological effects (24) . It has been well documented that TK exerts protective effects against stroke (24, 25) . The local or systemic delivery of human TK protects against ischemic brain injury by inhibiting inflammation and oxidative stress, and by promoting angiogenesis and neurogenesis (24, 25) . Based on these studies, it is hypothesized that TK may protect against ischemic via the TLR4/nuclear factor-κB (NF-κB) and Nrf2 pathways. Therefore, the aim of the present study was to investigate the potential effects of TK in ischemic stroke and explore whether the therapeutic benefit of TK was associated with the activities of TLR4, NF-κB and Nrf2.
Materials and methods
Test animals. All experiments involving animals and tissue samples were performed according to the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and all procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Nanjing Medical University (Nanjing, China). A total of 60 male Sprague-Dawley rats (aged 8-10 weeks; weight, 250-300 g) were provided by the Experimental Animal Center in Nanjing Medical University. Prior to the experiments, rats were housed for at least 1 week in their home cages at a constant temperature (18-22˚C), with controlled illumination (12 h light/dark cycles) and humidity (30-50%), and ad libitum access to food and water.
Middle cerebral artery occlusion (MCAO) model in rats.
Rats were anesthetized intraperitoneally with 10% chloral hydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China; 300 mg/kg) and subjected to MCAO as previously described (26) . In brief, the right common carotid artery, the external carotid artery (ECA) and the internal carotid artery (ICA) were exposed and carefully isolated. A 3-0 monofilament nylon suture with a heat-rounded tip was inserted from the lumen of the ECA to the right ICA to occlude the origin of the right middle cerebral artery. Rats were subjected to 2 h of occlusion and then the filament was withdrawn to restore blood flow. Sham-operated rats were manipulated in the same surgical procedures, but without insertion of the filament into the ICA. Body temperature was maintained at 37±5˚C with a heating pad.
Drug treatments. Rats (n=15 per group) were treated with TK (Techpool Bio-Pharma Co., Ltd, Canton, China) with 0.9% saline solution through the tail-vein at a dose of 8.75x10 -3 PNAU/kg within 3 min. The TK immediate treatment group received TK immediately after the reperfusion, while the TK delayed treatment group received TK at 12 h after reperfusion. In the cases of sham and MCAO model groups, equal volume 0.9% saline were administered in the same manner.
Behavioral tests. All behavioral tests in rats were conducted in a quiet, low-lit room and were evaluated by an investigator blinded to the experimental groups at 24 h after reperfusion (n=10 from each group). Neurologic deficit scores were assigned to each rat according to a previously described scoring system (26) , and were as follows: 0, no neurological deficit (normal behavior); 1, mild neurological deficit (failure to fully lift forepaw); 2, moderate neurological deficit (circling to the left); 3, severe neurological deficit (falling to the left); and 4, very severe neurological deficit (failure to walk spontaneously, reduced level of consciousness). The higher the neurological deficit score, the more severe impairment the motor motion injury was. Rats with neurologic deficit scores of 0 and 4 following MCAO were excluded, as this indicated modeling failure.
Determination of infarct volume. At 24 h after MCAO, rats (n=5 from each group) were sacrificed by removing the brains following anesthesia with 10% chloral hydrate (400 mg/kg, i.p.). Brains were dissected and cut into 2-mm thick slices. The slices were incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) for 30 min at 37˚C, followed by immersion-fixation with 4% paraformaldehyde. A deep red color indicated normal tissue and a pale gray color indicated the infarct area. The stained sections were photographed, and then the digital images were quantified using an Image analysis software, Image Pro-Plus 5.1 (Media Cybernetics, Inc., Rockville, MD, USA). The lesion volume was calculated by multiplying the area by the thickness of slices. Infarct volume in all slices was expressed as a percentage of the contralateral hemisphere after correction for edema, using the following formula (27):
Hemisphere lesion volume (%) = [total infarct volume-(volume of intact ipsilateral hemisphere-volume of intact contralateral hemisphere)]/contralateral hemisphere volume x 100%.
Western blot analysis. For western blotting assay, total proteins from the brain cortex samples were obtained using cold RIPA Lysis Buffer (Beyotime Institute of Biotechnology, Haimen, China) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). The homogenates were centrifuged at 12,000 x g for 10 min at 4˚C, and the protein concentration in the supernatants was measured using a BCA protein assay kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA; catalogue number 23227). Protein samples (40 µg per lane) were separated by 12% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% nonfat dried milk for 2 h at room temperature and then incubated at 4˚C overnight with the following primary antibodies: Monoclonal mouse anti-TLR4 (1:400; ab30667; Abcam, Cambridge, MA, USA), rabbit anti-Nrf2 (1:1,000; ab31163; Abcam), monoclonal rabbit anti-heme oxygenase 1 (HO-1) (1:10,000; ab68477; Abcam), monoclonal rabbit anti-matrix metallopeptidase 9 (MMP-9; 1:5,000; ab76003; Abcam), rabbit monoclonal NF-κB p65 (1:1,000; cat. no. 8242; Cell Signaling Technology, Inc., Danvers, MA, USA), and β-actin (1:1,000; CMCTAG, Inc., San Diego, CA, USA; catalogue number AT0001). The membranes were subsequently washed three times with Tris-buffered saline and 0.1% Tween-20. Next, membranes were incubated with horseradish peroxidase-conjugated anti-mouse IgG (1:5,000; CWBiotech, Beijing, China; catalogue number CW0102S) or anti-rabbit IgG (1:5,000; CWBiotech; catalogue number CW01035) secondary antibodies for 2 h at room temperature. Immunoreactivity was detected using an enhanced chemiluminescence reaction (EMD Millipore; catalogue number WBKLS0500). Densitometric analysis employed Image J Pro-Plus 6.0 analysis system (NIH, Bethesda, MD, USA). Densitometry values were normalized with respect to the β-actin immunoreactivity in order to correct for any loading and transfer differences among samples. A total of 5 replicates were performed.
Enzyme-linked immunosorbent assay (ELISA). In order to detect the IL-1β and TNF-α protein expression, tissues from the brain cortex were harvested at 24 h after MCAO and homogenized in 0.1 mM phosphate-buffered saline lysis buffer containing a cocktail of protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA) and 10 nM PMSF. The homogenate was centrifuged at 17,000 x g for 15 min, and the supernatant was collected. The tissue samples were frozen at -80˚C immediately until analysis of cytokine protein concentrations. Next, the tissue samples were detected by commercial ELISA kits for IL-1β (Shanghai ExCell Biology Inc., Shanghai, China; catalogue number ER008-48) and TNF-α (Shanghai ExCell Biology, Inc.; catalogue number ER006-96) according to the manufacturer's instructions. Inter-and intra-assay coefficients of variation were <10%.
Statistical analysis. All statistical results are expressed as the mean ± standard error of the mean. Neurological deficit assessment data were analyzed with one-way analysis of variance (ANOVA)-Tukey's multiple comparison test. Other data were analyzed with ANOVA followed by the Student-Newman-Keuls test. Statistically significant differences were considered to be those with P<0.05.
Results
TK improves neurological deficits in rats following cerebral ischemia. To examine whether TK exerted a neuroprotective effect on cerebral ischemia, neurologic deficit scoring was performed at 24 h after cerebral I/R in rats. Compared with the MCAO model group, the immediate and delayed TK treatment groups presented a significant improvement in neurological deficit scores ( Fig. 1A; P<0 .05), suggesting a neuroprotective effect of TK treatment in acute stroke. Notably, compared with the TK delayed treatment group, the TK immediate treatment group had a more evident reduction of neurological deficit scores at 24 h after cerebral I/R, with a significant difference observed between the two TK groups.
TK reduces the infarct volume in rats following cerebral ischemia. The cerebral infarction following I/R was detected by TTC staining, as shown in Fig. 1B and C. No evident infarction was observed in the sham group, while an extensive lesion was observed in both the striatum and the cortex in the MCAO model group (Fig. 1B) . Compared with the MCAO group, the infarct volume in the TK immediate and delayed treatment groups was significantly decreased (Fig. 1C; P<0.05 ). However, a tendency towards higher reduction of the infarct volume was observed in the TK immediate treatment group when compared with TK delayed treatment group, but this difference was not statistically significant.
TK decreases inflammatory responses in ischemic brain. Since inflammation is closely associated with cerebral infarction, the present study next sought to examine whether TK exerts an anti-inflammatory effect during the process of cerebral I/R. As depicted in Fig. 2, 24 h after cerebral I/R, the expression levels of TLR4 and NF-κB in ischemic brains were detected by western blot analysis. The results revealed that the protein levels of TLR4 and NF-κB ( Fig. 2A and B ) were significantly increased following MCAO. However, this effect was markedly ameliorated by TK immediate treatment ( Fig. 2A and B ; P<0.05). Meanwhile, TK delayed treatment was also able to significantly inhibit the expression levels of TLR4 and NF-κB.
Next, the protein levels of IL-1β and TNF-α in brain tissue were measured by ELISA. The presented results reveal that IL-1β and TNF-α levels were significantly increased in the MCAO model group, in comparison with the sham group ( Fig. 3A and B ). In consistency with the aforementioned modulation of TLR4 and NF-κB, the levels of IL-1β and TNF-α were significantly decreased in the TK immediate treatment group. Similarly, TK delayed treatment significantly inhibited the level of TNF-α, while exerting no significant effect on the level of IL-1β.
Involvement of MMP-9 in the protective effects of TK against ischemic stroke. To investigate the potential effect of TK on BBB, the expression of MMP-9 in the ischemic brain was detected by western blot analysis at 24 h after MCAO. As shown in Fig. 3C and D, MMP-9 expression was markedly increased in the MCAO group compared with the sham group (P<0.05). Following the immediate TK treatment, the level of MMP-9 was significantly reduced (P<0.05). In addition, delayed TK treatment displayed some effect on inhibiting the expression of MMP-9 in the ischemic brain, but this effect was not significant when compared with the MCAO group.
TK increases the expression levels of Nrf2 and HO-1 proteins in ischemic brain.
To further elucidate the mechanisms underlying the neuroprotective effect of TK, the influence of TK treatment on the activity of Nrf2 pathway was examined at 24 h after MCAO using western blot analysis. Compared with the sham group, the levels of Nrf2 and HO-1 proteins were significantly elevated in the ischemic brain of the MCAO model group (Fig. 4 ), suggesting the activation of endogenous antioxidative system in brain ischemia. Furthermore, TK immediate treatment significantly increased the protein levels of Nrf2 and HO-1. In the TK delayed treatment group, Nrf2 protein expression was significantly increased, however, the HO-1 expression was not significantly affected when compared with the MCAO group.
Discussion
In the present study, direct evidence that TK protected rats from I/R-induced brain damage was provided. The reported data were obtained with an MCAO model, a well-characterized and classical model used to study the mechanisms of cerebral ischemic damage in rats (6, 26) . Using this model, the present study demonstrated that TK exerted a neuroprotective effect on cerebral ischemia, which may be partially due to its anti-inflammatory signaling pathway via downregulation of TLR4 and NF-κB, accompanied by the activation of antioxidant protein regulator Nrf2 and HO-1, and decrease of MMP-9 expression.
Cerebral ischemic/reperfusion injury is accompanied with inflammatory responses and oxidative stress, which serve a crucial role in the dysfunction and death of neurons in the brain regions (6) (7) (8) 28) . Brain ischemia triggers inflammatory responses, which has been associated with the activation of TLR signaling. Several studies suggest that TLR4 may serve a more important role in comparison with other Toll-like receptors during the course of brain damage caused by ischemia/reperfusion. A previous study demonstrated that the expression of TLR4 was increased in the ischemic brain (17) . In addition, TLR4 knockout mice had significantly smaller infarct area and volume, and exhibited improved neurological outcome at 24 h after cerebral I/R compared with wild-type mice (17) . In previous in vitro studies, TLR4 expression level was also increased in cultured neurons subjected to glucose deprivation, and neurons deficient in TLR4 were resistant to death induced by energy deprivation (29, 30) . Furthermore, it has been demonstrated that a constitutively active mutant of human TLR4 transfection into human cell lines could induce the activation of NF-κB and the expression of NF-κB-mediated inflammatory cytokines, including IL-1, IL-6, IL-8 and TNF-α (13) . The transcription factor NF-κB, a key regulator of a variety of genes involved in cell survival and inflammation, is activated following cerebral ischemia in neurons, endothelial cells, astrocytes, microglia and infiltrating inflammatory cells (31) . Studies have suggested that NF-κB activation is primarily mediated by the TLR signaling pathway, while the activation of NF-κB is required for the induction of numerous inflammatory cytokines (32) . The mammalian NF-κB family comprises of five members: p65 (RelA), RelB, c-Rel, p50/p105 (NF-κB1), and p52/p100 (NF-κB2), among which the p65/RelA and p50 are known to be responsible for a detrimental effect in cerebral ischemia (31) . For instance, NF-κB subunit p50 knockout mice displayed a significant reduction in infarct size in focal cerebral ischemia (33) . In agreement with these studies, the results of the present study demonstrated that cerebral I/R induced the It is well documented that oxidative stress is generated and serves a detrimental role in cerebral I/R injury (8, 34 ). Nrf2 and its targets genes, known as phase-II enzymes, function in synergy to remove reactive oxygen species/reactive nitrogen species through sequential enzymatic reactions (35) . Among phase-II enzymes, HO-1, a redox-sensitive inducible stress protein, has been proposed to serve a crucial role in the endogenous anti-oxidative defense system (36) . Studies have revealed that increasing the activity of Nrf2 pathways and gene targets exerts highly neuroprotective effect against oxidative and excitotoxic insults relevant to ischemic stroke in cell culture and animal models (37, 38) . Nrf2 knockout mice presented more severe neurologic dysfunction and larger infarct size caused by MCAO in comparison with wild-type mice (39) . The present study indicated that systemic administration of TK significantly increased the expression levels of Nrf2 and HO-1 in the ischemic cortex at 24 h after MCAO, suggesting the involvement of Nrf2 and HO-1 in the protective effect of TK in ischemic stroke.
MMPs degrade the extracellular matrix around the blood vessels, as well as the matrix around neurons, which have been shown to be associated with increased BBB paracellular permeability (40) . In the early phase subsequent to cerebral ischemia, MMPs disrupt the BBB, leading to BBB leakage, leukocyte infiltration, brain edema and hemorrhage (41) . Within the MMP family, MMP-2 and MMP-9 have been regarded as the key enzymes associated with secondary damage following ischemic cerebral stroke (42) . Clinical data support that the activated MMP-9 can be considered as an effective marker for negative outcome within the early phase of ischemic stroke development (41) . Therefore, MMP-9 is a potential therapeutic target for BBB disruption following thrombolysis (43) . In the present study, it was observed that MMP-9 expression was increased at 24 h after ischemic stroke, and TK significantly attenuated the expression of MMP-9. It is suggested that the MMP-9 suppression was involved in the neuroprotective effect of TK against stroke, which may be, at least partly, due to the improvement of the BBB integrity.
However, certain studies have demonstrated that the KKS serves a detrimental role in the course of brain injury in stroke, as well as other brain disease animal models (23) . The early activation of the KKS following cerebral ischemia increased brain vessel permeability, edema and spread of the ischemic lesion, as kinins and their receptors have been documented to induce proinflammatory responses (44) . In addition, early administration of a kinin B 2 receptor antagonist may improve the neurological recovery after focal cerebral I/R (45) . Therefore, the present results appear to contradict previous findings regarding the role of kinin in inflammation. However, numerous other studies support the results of the present study, indicating that TK exerts a neuroprotective effect in ischemic injury (24, 25, 46, 47) . This type of protective effect may be associated with the following factors: i) The actions of TK can be mediated by kinin B 2 receptor activation without kinin formation (48) ; ii) kallikrein-induced anti-inflammation is dependent on kinin B 2 receptor activation and nitric oxide formation (24); iii) upregulation of endothelial nitric oxides resulted in dilation of cerebral arterial vessels, which is critical in maintaining the cerebral blood flow and conducive to the removal of inflammatory mediators (25) ; and iv) in the early period following cerebral I/R, kallikrein induced angiogenesis and improved the regional cerebral blood flow in the peri-infarction region, and further reduced the infarction volume and improved the neurological deficits (46) .
In the present study, the protective effect in the TK delayed treatment group was not as effective as the protection observed in the TK immediate treatment group, which was not consistent with the results of Xia et al (24) . A possible reason for Compared with the MCAO group, the Nrf2 expression was significantly increased in the two TK treatment groups, while HO-1 expression was significantly increased only in the TK-0H group. β-actin was used as an internal control. Data Values are expressed as the mean ± standard error (n=5 in each group). * P<0.05 vs. MCAO group; # P<0.05 vs. sham group. TK, tissue kallikrein; MCAO, middle cerebral artery occlusion; TK-0H, immediate TK treatment after reperfusion; TK-12H, delayed TK treatment at 12 h after reperfusion; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase 1. the discrepancy between these results was the differential time point selected. In the present study, 24 h after reperfusion was selected as the only observation point, not extending to 1-2 weeks after reperfusion. Furthermore, the pharmaceutical dosage may be another reason for these different findings. Xia et al (24) used an adenovirus carrying human TK cDNA, while the present study used the injection of TK directly. Therefore, additional studies are required to precisely define how long after ischemic stroke the start of the therapeutic window can be delayed, and for how long a treatment should be given to achieve a beneficial prognosis.
In conclusion, the current study demonstrated that immediate systemic administration of TK decreased the infarct size, oxidative and inflammatory responses in cerebral ischemia, and further enriched its anti-inflammatory mechanism against ischemic stroke. These data also provide important new evidence that delayed systemic TK treatment following cerebral vascular insult may achieve neuroprotective effects against ischemia-induced brain damage. Finally, these results indicated that the upregulation of the Nrf2 pathway and downregulation of the TLR4/NF-κB pathway subsequent to ischemia by administration of TK was a potential mechanism of the neuroprotective effect of TK.
